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Abstract: A TPV GaSb cell was tested as part of an effort to
establish a standard nethod of characterizing such
cells. Cell current/voltage (IV) curves were neasured
at different cell tenperatures using black body
radi ation at various em ssion tenperatures and
intensities. The results of the effects on performance
are briefly analyzed and include tenperature
coefficients, voltage/intensity coefficient, and
response to spectral shift.

Ther nophot ovol tai cs (TPV) i S an energy conversion nethod
which converts heat into electricity. This is achieved by first
converting heat into photons via a thermal emitter. Photons from
the thermal emtter are in turn converted to electricity via TPV
cells. These cells are simlar to ordinary photovoltaic (PV)
cells except that they are fabricated to have a bandgap which
corresponds to the ﬁeak emi ssion spectrum of the enitter. Wth
an emtter with high emssivity and a bandgap natched TPV cel |
the efficiency of a TPV systemis expected to be higher than that
for conventional PV. Bandgap matching assures the cell of
receiving the nost useable radiation for conversion to
electricity. Efficiencies as high as 50%for a TPV system
incorporating silicon cells and 35% for other TPV systens are
t heoretical 'y possible'?.

In this letter, we present results of testing TPV cells and
our findings concerning repeatability, tenperature coefficients,
intensity effects, and spectral shifts. This letter discusses
tesning procedures for current/voltage (1V) curves and their
results.

Al t hough the concept of TPV has been around for sone tine,
no one has yet defined a standardi zed nethod for characterizing
TPV cel I's, w that comnmercial TPV systens are being actively
designed, there is a growing need to establish testing standards.
one possible solutionis to test TPV cells with black body
emssions. A black body is a nearly perfect emtter and t-he
emtted radiation follows the spectral distribution curve defined
by Planck's equation. Black bodies are readily available so that
tests may be reproduced el sewhere. A black body emtter can be
set at different operating tenperatures to vary the em ssion
spectrum  Detailed know edge of the em ssion spectrumand its
variations is generallyllac ing in all of the previous TPV test
programs found in the literature. Testing with varying em ssion
spectra is required for accurate prediction of perfornmance at
different system operating tenperatures.

Furthernore, for a given black body em ssion, the intensity
should be varied. Since cell series resistance |osses are
current dependent, output power and current are non] inecar with




i ntensity. Theopencircuit voltage is also dependent on the
logarithmof the intensity thus making intensity corrections
necessary. |V curves of a TPV cell nust furthernore be taken at
different cell tenperatures, since performance wll change.
Testing wth the three variables of black body em ssion
tenperature, intensity, and cell tenperature produces nmany of the
resgjts requi red for conplete TPV cell modelling and performance
rediction.
P We have tested TPV cells with black body radiation at
different em ssion tenperatures, intensities, and cell
tenperatures. A GSb cell supplied by JX Crystals was used for
this test.® The test cell was exposed to black body em ssions
at tenperatures of 1200°c and 900°c. Note that the black body
tenperatures are only expected to be accurate to within 10°c by
manuf act urer sPeC|f|cat|on. The intensity was varied by placing
the cell away from the black body source at distances of: 0.5",
1.5", and 2.5" respectively. These three | ocations produced
intensities of 1.28, 0.303, and 0.141 w/cn?, or 4.8% 1.1% and
0.53% respectively of full black body intensity at 1200°c. Only
the first position, o0.5", was selected for testing at 900°c bl ack
body tenperature; its intensity was 0.458 w/cm?, or 4.4% of ful
intensity. Intensities were neasured with a radioneter and
calcul ated using an optical nodel furnished by the manufacturer.
The radi ometer readings were used even though they were accurate
only to within 15% even after calibrating with another
radiometer. The em ssion spectrum and intensity should be
repeatable with a standard bl ack body and radioneter. Accuracy
can be inproved with further calibrations and use of better
equi pnent when it is funded.

To vary cell tenperature, a water circulating bath was used
to cool the cell. The water tenperature was varied from 8°C to
40°c, and was accurate to within 1°c as nmeasured with both a
thernmonmeter and a thernocouple. For intensities of 1.28, 0.458,
0.303 ,and 0.141 w/cm?, the cell tenperature would only be 2°C
0.7°c, 0.5°, and 0.2°c respectively, higher than the cooling
water tenperature. This was both neasured and cal cul ated by heat
conduction equati ons.

The current/voltage (IV) tests for the TPV cells indicate
that they are repeatable. For exactly the sane test perforned
consecutively, wthin nminutes apart, the repeatability was within
+/-1%. For the same tests performed on different days, the
repeatability was within +/-2% Tests performed on different
days represent totally separate tests since all the equi prent had
to be reset. The repeata iIitV applies to the IV short circuit
current (Isc), open circuit voltage (voc) , peak power (Pmax) , and
fill factor ratio (FF).

The overall 2% repeatability is certainly better than the
accuracy of the testing system The test system must then be
consistently repeating. The black body has an accuracy of 1o°c,

®) Please note that this cell was not necessarily a
representative sanple of JX crystals's products since we could not-.
guarantee its return in good condition.




corresponding to a maxi mumintensity error of 2.8%  The

radi ometer intensity readi ngs have a maxi num possi ble error of
15% Readin%s fromthe IV data |ogger are calibrated to an
accuracy of 0.5% Even though the results are repeatable to 2%
t he absol ute accuracy of the present set of test results can be
off by as much as 20% due to total systens error. Further

equi prent inprovenents and calibrations should be able to
increase this accuracy. The repeatability of the tests does
denonstrate that this TPV testing procedure is a potentiaI[Y_
valid nethod for standardized testing. Since the repeatability
was good, sone additional data analysis was perforned.

First, an analysis was performed on the effects of cell
temperature on the nost stable cell paraneter, Voc. Tenperature
coefficients are calculated by taking the changes in performnce
divided by the change in cell tenperature. Thus , Voc tenperature
coefficients were obtained by taking the slope of the first order
regression line of Voc versus cell tenperature. This was taken
for data at three different intensities and two different black
body tenperatures. One data point at 8°C and o.5" distance for
t he” 1200°c bl ack body was dropped due to poor fit. After
dropping the one point, all four of the R values (square root of
the coefficient of determination) were better than .9945. The
average of the Voc tenperature coefficients was -0.001205 v/°C
with a range of -0.00114 to -0.00127 V/°C. Data points and
regression lines are shown in Figure 1. Note that each plotted
data point represents the average of at |east three separate test
runs made just mnutes apart. t is obvious from Figure 1 that
Voc is dependent upon intensity as well as tenperature.

A plot of Isc versus cooling water tenperature was nmade next
and is shown in Figure 2. It was obvious that, unlike the Voc
temperature coefficient, the |Isc tenperature coefficient has an
intensity dependence; it is linearly dependent on the intensit
at a specific black body tenperature. To normalize this for a
intensities, the Isc tenperature coefficients were scaled by
dividing by its corresponding Isc output for that intensity:
these are percentage tenperature coefficients. Using this
approach, the average for the 1200° black body values is
0.31 %/°c with a range of 0.37%to 0.24% Since the |sc
tenperature coefficient was not well behaved, the prmax data was
not anal yzed.

The tenperature coefficients found are limted to the
tenperature and intensity range tested. The Voc and Isc
tenperature coefficients are valid within a cell tenperature
range of 10-40°c and is limted to the tested intensities of
0.141 - 1.28 Wcm. Fromthis analysis, it was found that the
Voc tenperature coefficient was extrenely stable for the cell at
different intensities and black body tenperatures. The Voc
tenperature coefficient was linear over the tested tenperature
range. The Isc tenperature coefficient was dependent upon the
intensity and the black body tenperature.

The dependence of Voc on intensity was determ ned next.
Theory shows that Voc has a |ogarithm c dependency on intensity
For 3 1208%:black body em ssion tenperature, this relation was

ound to be:



Voc == .129 * logintensity Wcnt) + (tenperature constant)
The tenperature constants are .366, .352, and .341 Volts for
10*C, 20°c, and 30°c cell tenperatures respectively (See Figure
3). Since the Voc tenperature coefficient was known, it was used
to correct the Voc at water bath tenperatures to actual Voc at.
listed cell tenperatures, for data points in Figure 3. Intensity
constants are limted to 1200° black body, the tested intensity
range, and cell tenperatures. The constants for the logarithmc
dependency obviously cannot be predicted fromresults taken at
only one intensity.

Furthernore, the power output was anal yzed. The respective
peak power outputs at the three |ocations, o0.s5", 1.5", 2.5", were
9.33, 1.978, 0.731 mw for the 1200°c black body tenperature, at
10*C cell tenperature. \Wile the intensity at 0.5", is 4.2 and
9.1 times greater than that at 1.5” and 2.5" respectively, the
peak power is 4.7 and 12.8 tinmes greater. Thus, as the intensity
I ncreases, efficiency increases. However, this is nonlinear as
wel |l as non-logarithmc. This test is then especially inportant
for)TPV cells typically operating with high intensities (50-200
suns) .

Testing with different black body t enper at ur es denonstr at ed
the effect of a spectral shift on performance. Wth the black
body at 900°c, the intensity of the emssion is reduced by a
factor of (r,/T;9 , using absolute tenperatures. At the 900°C
bl ack body tenperature the em ssion intensity shoul d be 40.2% of
that at 1200°c. However, the neasured |Isc output at %00°C was
only 19.7% of the Isc at 1200°c. This disparity agrees with the
expected effect of a spectral shift on perfornmance for the cel
under test. The bandgap of GaSh is .69 ev (1.73 E-6 m) , for the
tested cell tenperature range. The peak wavel engths for black
body em ssion at 1200° and 900°c are 1.97 E-6 mand 2.47 E6 m
respectively, and are both [ower in energy than the bandgap of
the cell. Thus, much of the photon energy is not available for
conversion to electricity. By reducing the black body em ssion
tenperature, a greater percentage of the energy is lost due to
spectral shifting because the peak wavel ength of the em ssion is
now further away from the bandgap of the cell. Actua
quantitative results of performance for different em ssion
spectra cannot be predicted sinply fromthe perfornmance at a
single spectrum  Two or nore black body tenperatures are
required in order for any quantitative conpari son and performance
predi ction. More exact performance predictions are possible with
spectral response tests of the cell. Spectral response tests at
different cell tenperatures are planned to be conpleted at a
| ater date and nay be reported at that tine.

In conclusion, the research proves that the described TPV
cell. testing procedure is repeatable and an identical or simlar

rocedure is necessary for conplete TPV cell characterization.
eBeatln% these tests at another |aboratory would S|nB!Y.reqU|re
a black body with the same or better tenperature capabilities and
a radioneter for intensity measurenents. Repeating cell water
cooling tenperatures with a water circulator is sinple enough.
The tests denonstrated the need for varying black body
tenperatures to determne the results of spectral shifts, varying



TPV cell tenperatures to determ ne tenperature coefficients, and
varyi ng intensi&y to determne the Voc intensity coefficients.
For conpl ete TPV cell characterization, spectral response
testing, reverse IV curves, and possibly radiation effects
testing woul d be necessary to supplenent the described TPV IV

testing.
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Fi1G6. 1,
lLinear dependency of Voc on cell tenperature for various
enm ssion intensities and tenperature.

Voc tenp. coefficient = -1.2 mw/°C
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2. _
Li near dependency of Isc on cell tenperature for various
em ssion intensities and tenperature.

Isc tenp. coefficient = 0.31 %°C
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FIG. 3.
Logarithm c dependency of Voc on em ssion intensity at

various cell tenperatures.
Voc = . 129 log(intensity Wcnt) + tenp. constant

Temp. constants = .366, .352, .341 V for 10° 20°% 30°C cell
t enper at ur e.
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